Azithromycin, administered with ceftriaxone, is recommended by the CDC for the treatment of gonorrhea. Many experts have expressed concern about the ease with which Neisseria gonorrhoeae can acquire macrolide resistance. We sought to describe gonococcal azithromycin susceptibility in the United States and to determine whether azithromycin susceptibility has changed over time. We analyzed data from 2005 to 2013 from the Gonococcal Isolate Surveillance Project, a CDC-supported sentinel surveillance network that monitors gonococcal antimicrobial susceptibility. A total of 44,144 N. gonorrhoeae isolates were tested for azithromycin susceptibility by agar dilution methods. The overall azithromycin MIC 50 was 0.25 g/ml, and the MIC 90 was 0.5 g/ml. There were no overall temporal trends in geometric means. Isolates from men who had sex with men had significantly higher geometric mean MICs than isolates from men who had sex exclusively with women. The overall prevalence of reduced azithromycin susceptibility (MIC, >2 g/ml) was 0.4% and varied by year from 0.3% (2006 and 2009) to 0.6% (2013). We did not find a clear temporal trend in gonococcal azithromycin MICs in the United States, and the prevalence of reduced azithromycin susceptibility remains low. These findings support the continued use of azithromycin in a combination therapy regimen for gonorrhea.
G onorrhea is the second most commonly reported notifiable disease in the United States, second only to chlamydia. In 2012, 334,826 gonococcal infections were reported in the United States, representing a continuing gradual increase over the preceding 4 years (1). In women, Neisseria gonorrhoeae is a major cause of pelvic inflammatory disease, ectopic pregnancy, and infertility (2, 3) . Public health control of gonorrhea relies on prompt detection and effective treatment. However, treatment has become more challenging because N. gonorrhoeae has successively developed resistance to each antimicrobial recommended for treatment. Penicillinase-producing N. gonorrhoeae and gonococcal fluoroquinolone resistance emerged first in the United States in Hawaii, California, and other western states, possibly due to their geographic proximity to East Asia and to travel, before spreading elsewhere in the United States (4) (5) (6) . Fluoroquinoloneresistant gonorrhea initially also became prevalent among men who have sex with men (MSM) with gonorrhea before emerging among heterosexuals (7) . Similar epidemiological patterns were observed more recently for reduced susceptibility to oral cephalosporins; cefixime MICs increased sharply in isolates from the western United States and from MSM during 2006 and 2011 (8, 9) .
Currently, the Centers for Disease Control and Prevention (CDC) recommends only a single first-line regimen for gonorrhea treatment, i.e., the combination of 250 mg of ceftriaxone (an injectable cephalosporin) as a single intramuscular dose and either 100 mg of doxycycline orally twice daily or a single 1-g oral dose of azithromycin (9) . Because of the high prevalence of tetracycline resistance, azithromycin, an azalide macrolide which binds to the bacterial 50S ribosomal subunit and inhibits protein synthesis, is preferred over doxycycline as the second agent. Observational outcome data of pharyngeal gon-orrhea also suggest that compared to the addition of doxycycline, the addition of azithromycin to an oral cephalosporin improves the likelihood of cure (10) .
Azithromycin has not been recommended for gonorrhea monotherapy because of the reported ease with which N. gonorrhoeae can acquire macrolide resistance (11) . Two mechanisms have been commonly implicated in gonococcal reduced azithromycin susceptibility: overexpression of an efflux pump due to mtrR-coding region mutations (12) (13) (14) (15) and decreased antimicrobial affinity due to mutations in genes encoding the 23S ribosomal subunit (15, 16) . Because of the importance of azithromycin in the currently recommended treatment regimen and the risk of macrolide resistance, careful monitoring of azithromycin susceptibility trends is important. We sought to describe gonococcal azithromycin susceptibility in the United States and to determine whether gonococcal azithromycin susceptibility has changed between 2005 and 2013.
MATERIALS AND METHODS
The Gonococcal Isolate Surveillance Project. The Gonococcal Isolate Surveillance Project (GISP) is a U.S.-based national sentinel surveillance system established in 1986 to monitor trends in antimicrobial susceptibility in N. gonorrhoeae and to establish a rational basis for the selection of gonococcal therapies in the United States (17) . Sexually transmitted disease (STD) clinics in 25 to 30 cities throughout the United States participate in the GISP as sentinel sites. At each participating STD clinic, urethral N. gonorrhoeae isolates are collected from the first 25 men presenting with symptomatic gonococcal urethritis each month. Isolates are submitted to regional reference laboratories for antimicrobial susceptibility testing by agar dilution according to a common protocol (www.cdc.gov/std/gisp), and the results are sent to the CDC. The GISP also collects deidentified data on patient characteristics and clinical information from clinic medical records.
Laboratory methods. Gonococcal isolates collected at each sentinel clinic are subcultured at the clinic's local public health laboratory on supplemented chocolate medium and frozen in Trypticase soy broth containing 20% glycerol. Isolates are shipped monthly to one of the regional reference laboratories, where they are tested for ␤-lactamase production and susceptibility to azithromycin, penicillin, tetracycline, ciprofloxacin, spectinomycin, cefixime, and ceftriaxone using the agar dilution method. Isolates were inoculated on Difco GC medium base supplemented with 1% IsoVitaleX enrichment (Becton-Dickinson Diagnostic Systems, Sparks, MD). During 2005 to 2007, the lowest azithromycin concentration tested was 0.008 g/ml; this increased to 0.03 g/ml in 2008. The routine testing range for azithromycin extended to 16.0 g/ml during 2005 to 2013. Laboratories were asked to conduct agar dilution testing to identify an endpoint for isolates with an MIC of Ն16.0 g/ml on the initial testing run. Testing to an endpoint was not conducted on three isolates collected during 2005 to 2013. In the absence of Clinical and Laboratory Standards Institute (CLSI) breakpoints for gonococcal azithromycin susceptibility or resistance (18), we defined reduced azithromycin susceptibility for this analysis as an MIC of Ն2.0 g/ml. Quality assurance processes are described in detail in the GISP protocol (19) .
To ensure accuracy and reproducibility of antimicrobial susceptibility results from the regional reference laboratories, a set of seven control N. gonorrhoeae strains with known MICs of various antimicrobials are included with each susceptibility run. In addition, reference laboratories test a CDC-provided panel of 15 unidentified strains twice yearly to compare results and ensure consistency among laboratories (19) . The results obtained from the testing of control strains and CDC-provided panels are used for internal quality assurance.
Statistical analysis. Data were limited to sites that continuously participated during the analysis period: Albuquerque, NM; Atlanta, GA; Baltimore, MD; Birmingham, AL; Chicago, IL; Cleveland, OH; Dallas, TX; Denver, CO; Greensboro, NC; Honolulu, HI; Las Vegas, NV; Los Angeles, Orange County, San Diego, and San Francisco, CA; Miami, FL; Minneapolis, MN; New Orleans, LA; Oklahoma City, OK; Philadelphia, PA; Phoenix, AZ; Portland, OR; and Seattle, WA. Clinical sites were grouped into U.S. census regions. The Northeast and South were combined because of the small number of sites in the Northeast.
Azithromycin MIC values of Յ0.03 g/ml were considered to have MICs of 0.03 g/ml for these analyses. Similarly, the four values reported as Ն16.0 g/ml without reported endpoints were considered to have MICs of 16.0 g/ml for the primary analysis. Sensitivity analyses were performed by considering the azithromycin MIC value for these three isolates to be 256.0 g/ml (the highest azithromycin MIC detected thus far in the United States was Ն256.0 g/ml [1]). MIC 50 s, geometric means with 95% confidence intervals (CIs), and the percentage of isolates with reduced susceptibility with 95% CIs were calculated. Proportions were compared using the chi-square test, and medians were compared using the Wilcoxon-Mann-Whitney test. Two-sided P values of Ͻ0.05 were considered statistically significant. Statistical analyses were conducted using SAS version 9.3 (SAS Institute, Cary, NC).
RESULTS
During 2005 to 2013, 44,144 isolates were tested; 43% were collected in the West and 44% in the Northeast/South (Table 1) . Most men who submitted isolates were black, and 69% of men reported sex with only female partners. The percentage of men with gonorrhea treated with azithromycin monotherapy (2 g) increased from 0.1% in 2005 to 3.0% in 2012 (P Ͻ 0.001) and then decreased to 1.4% in 2013 (P Ͻ 0.001). Overall, azithromycin monotherapy was prescribed to 0.6% (range by year, 0% to 1.8%) of men in the Midwest, 1.2% (0.1 to 1.8%) in the Northeast and South, and 1.3% (0.04% to 5.3%) in the West.
The distribution of azithromycin MICs is displayed in Fig. 1 . Overall and each year, the azithromycin susceptibilities were stable; MIC 50 s were 0.25 g/ml and MIC 90 s were 0.5 g/ml. Among all the isolates, only 32 isolates (0.1%) had an MIC of 16 g/ml, and 1 isolate had an MIC of Ն256 g/ml. Geometric mean MICs increased between 2005 and 2008, decreased until 2011, and then increased slightly between 2011 and 2013 ( Fig. 2 ). There was no overall increase in the geometric mean MIC during the entire analysis period. Isolates from the Midwest exhibited higher geometric means than isolates from elsewhere, overall and regardless of sex of sex partner ( Fig. 2 ; see also Fig. S1 in the supplemental material). Isolates from MSM tended to have greater geometric mean MICs than isolates from men who report having sex exclusively with women (MSW) (Fig. 3) ; this pattern was consistent across geographic regions (see Fig. S2 through S4 in the supplemental material).
We conducted sensitivity analyses by replacing values with isolates of Ն16.0 g/ml (and with no endpoints) with assigned MICs Table S1 in the supplemental material). No overall increase in the prevalence of reduced azithromycin susceptibility was observed. The prevalence of reduced susceptibility was high-est among isolates from the West and Midwest. At individual geographic sites, isolates with reduced susceptibility were detected sporadically (see Table S2 in the supplemental material). For example, no isolates with a reduced susceptibility were detected in Denver in 2005 or 2006, six were detected in 2007, and then none were detected during the subsequent 3 years. Men whose isolates exhibited reduced susceptibility were significantly more likely to be white and to report having only male sexual partners (see Table  S3 in the supplemental material).
A total of 175 isolates had reduced azithromycin susceptibility (MICs of Ն2 g/ml). Isolates with reduced susceptibility were more likely to exhibit resistance to penicillin, tetracycline, and ciprofloxacin than azithromycin-susceptible isolates (see Table S3 in the supplemental material). Among 33 isolates with azithromycin MICs of Ն16 g/ml, 66.7% were collected in the West and 24.2% in the Midwest; 69.7% were collected from MSM, and 27.3% exhibited resistance to penicillin, 30.3% to tetracycline, and 21.2% to ciprofloxacin.
DISCUSSION
Gonococcal azithromycin MICs changed little in the United States between 2005 and 2013. Isolates collected in the Midwest demonstrated slightly higher azithromycin geometric means than isolates from other regions, but even in the Midwest, MICs do not appear to be increasing. Isolates from MSM exhibited higher azithromycin MICs than isolates from MSW, but MICs do not appear to be increasing in either group. The prevalence of reduced susceptibility remains low.
Azithromycin is the most commonly prescribed antimicrobial in the United States (20) , and azithromycin prescribing rates increased during the 1990s and 2000s, including among individuals 18 to 49 years of age (21, 22) . It is widely believed by experts that N. gonorrhoeae can readily acquire azithromycin resistance (11) . Thus, it may be somewhat surprising that gonococcal azithromycin MICs have not increased in recent years. It is possible that we overestimated the capacity of N. gonorrhoeae to acquire azithromycin resistance. Apart from three case reports that demonstrated azithromycin MIC increases after treatment with azithromycin monotherapy (15, 23, 24) and studies that selected for macrolide resistance using erythromycin (25, 26) , we are not aware of published data on mutational frequency with in vitro azithromycin exposure or on the stability of the mutants. Related to this, reduced azithromycin susceptibility may be acquired at a fitness cost that limits transmissibility, as appears to be the case with Streptococcus pneumoniae and Campylobacter jejuni (27) (28) (29) . This may explain the sporadicity of the detection of isolates with reduced azithromycin susceptibility observed at individual geographic sites in the GISP. One mutation contributing to N. gonorrhoeae reduced azithromycin susceptibility, that in the mtrR-coding region, may confer a fitness advantage (30) , but other mutations might not. Research into whether mutations conferring reduced susceptibility are associated with fitness costs would be helpful. Investigation of factors contributing to the development and transmission of azithromycin resistance in N. gonorrhoeae is needed.
Although multiple isolates with high-level azithromycin resistance have been detected in different countries (26, (30) (31) (32) (33) (34) (35) , international susceptibility data do not clearly indicate emerging gonococcal azithromycin resistance. The pooled prevalence of reduced azithromycin susceptibility (defined as MICs of Ն2.0 g/ml) increased in Latin America from 0% in 1999 to 25.8% in 2008 and then fell to 1.0% by 2010 (36) . However, these trends should be interpreted with caution because the number of participating countries and the number of submitted isolates varied over this period. In East Asia, where fluoroquinolone and oral cephalosporin resistance appeared to initially emerge, the prevalence of reduced azithromycin susceptibility (defined as MIC of Ն1 g/ml) seems to be relatively low, ranging from Ͻ1% in Bhutan and Thailand (2011 and 2012) to 3.9% in Hong Kong (2011) (37) . In the United Kingdom, the prevalence of azithromycin MICs of Ն1 g/ml increased from 0.3% in 2001 to 4.1% by 2007, then fell to 0.7% by 2012 (38, 39) .
In the United States, antimicrobial resistance phenotypes and increasing MICs were historically identified first in Hawaii and the western region, possibly due to the geographic proximity to East Asia, where penicillin-, fluoroquinolone-, and cephalosporin-resistant strains seemed to initially emerge. The epidemiological pattern of reduced azithromycin susceptibility appears to differ from this historical pattern: azithromycin MICs appear to be higher in isolates collected in the Midwest than in isolates collected from other regions. It is possible that factors other than travel or geographic proximity to Asia, such as antimicrobial consumption, contribute to introductions of strains with reduced azithromycin susceptibility. However, the epidemiological factors contributing to azithromycin resistance are unclear.
As we reported previously (40) , azithromycin MICs were higher in isolates collected from MSM than in isolates from MSW. This is consistent with findings from the United Kingdom (39) and with previously described associations between male-to-male sexual behavior and isolates with fluoroquinolone resistance or elevated cefixime MICs in the United States (6, 7) . The reasons for the differences in susceptibility between isolates from MSM and MSW are unclear, although data suggest that isolates with the mtr mutation mentioned above can better survive in the rectum (41) . Alternatively, the observed differences may be related to differences in sexual network structures and geographic scope, differences in antimicrobial usage, or differing anatomical sites of infection between MSM and MSW (40) .
We defined azithromycin reduced susceptibility as MICs of Ն2 g/ml, but CLSI has not established N. gonorrhoeae susceptibility or resistance breakpoints for azithromycin (18) . Establishment of azithromycin breakpoints may facilitate N. gonorrhoeae azithromycin antimicrobial susceptibility testing in clinical laboratories. Although the correlation between N. gonorrhoeae azithromycin MIC and clinical outcome after treatment has not been well defined, the establishment of azithromycin epidemiological cutoff values (ECVs) may be a worthwhile first step. It is worth noting that the European Committee on Antimicrobial Susceptibility Testing (EUCAST) defines azithromycin resistance as Ն1.0 g/ml (http://www.eucast.org).
This study is subject to at least two limitations. The reported treatment data reflect prescribing practices in specialty STD clinics participating in the GISP and are not expected to reflect prescribing practices in private clinical settings and other non-STD clinic health care settings (which reported Ͼ80% of gonorrhea cases in the United States in 2012) (1). Thus, the treatment data presented here likely represent an overestimate of the percentage of patients with gonorrhea who are treated with ceftriaxone-based therapy in the United States. One regional laboratory tested the isolates from all three Midwestern sites; it is possible that conditions or test result interpretation by laboratory personnel differed between this laboratory and others and might have contributed to the elevated MICs observed in Midwest isolates. Continued surveillance in the GISP, especially with recent changes in the laboratories participating in the GISP, is likely to shed light on the likelihood of this possibility.
Isolates with high azithromycin MICs have been sporadically detected in the United States, and resistant strains have been detected following azithromycin monotherapy in the United States and elsewhere, suggesting the possibility of within-host selection for azithromycin resistance (15, 23, 24, 33) . Thus, gonorrhea treatment with azithromycin monotherapy is discouraged. However, N. gonorrhoeae strains with azithromycin resistance have not demonstrated sustained transmission and population-level emergence in the United States, and the prevalence of reduced azithromycin susceptibility remains low. These findings support the current use of azithromycin as part of combination therapy for gonorrhea.
